Abstract: For both men and women, colorectal cancer (CRC) is the second leading cause of cancer death in the United States, primarily as a consequence of limited therapies for metastatic disease. The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor with diverse functions in detoxification of xenobiotics, inflammatory responses, and tissue homeostasis. Emerging evidence indicates that AhR also plays an important role in regulating intestinal cell proliferation and tumorigenesis. Here, we review both the pro-and anti-carcinogenic properties of AhR signaling and its potential role as a therapeutic target in CRC.
1. Introduction
Colorectal Cancer is a Major Health Concern
In the U.S., Colorectal cancer (CRC) is the second leading cause of cancer death in men and women combined [1] [2] [3] [4] . The American Cancer Society estimates that in 2015, 137,000 people will be diagnosed with CRC, 50,000 of whom will die from this disease [5] . Although colonoscopy and stool-based screening tests are effective at preventing and reducing mortality from CRC, many people fail to undergo such tests [6] . Also, the efficacy of colon cancer screening is limited by the sensitivity of stool-based tests and "miss" rates on colonoscopy [7, 8] . Non-steroidal anti-inflammatory drugs are marginally effective chemo-preventive agents [9, 10] and limited by gastrointestinal [11] and cardiovascular [12] toxicity that led to the withdrawal of rofecoxib [13] . Chemotherapy and radiation are not very effective for patients with advanced disease. Recently, the use of biologicals targeting vascular endothelial growth factor (VEGF) and the epidermal growth factor receptor (EGFR; i.e., Bevacizumab, Cetuximab and Panitumumab) were shown to increase survival in patients with advanced CRC, but only by a few months with limited impact on five-year survival-which remains on the order of 5-10% [14] [15] [16] . Furthermore, the use of these agents is limited by off-target toxicity that includes gastrointestinal bleeding and skin rashes that often lead to discontinuation of therapy [17] .
The Aryl Hydrocarbon Receptor
The aryl hydrocarbon receptor (AhR) is a cytosolic ligand-dependent transcription factor that belongs to the basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) family [18] . AhR has diverse physiological functions including detoxification of environmental pollutants, mucosal inflammation and tissue regeneration [19] . When inactive, AhR remains bound to several chaperon proteins including heat-shock protein 90 and the AhR-interacting protein [20] [21] [22] [23] . Upon ligand binding, cytosolic AhR translocates into the nucleus and forms a heterodimer with the AhR nuclear translocator (ARNT) protein, which then interacts with dioxin responsive elements (DREs) on the promoters of AhR target genes including cytochrome P450 enzymes CYP1A1/A2/B1, thereby activating transcription [20] .
AhR Ligands
Numerous AhR ligands have been identified, including synthetic and environmental chemicals, naturally-occurring dietary and endogenous compounds [24] [25] [26] [27] . Environmental pollutants include planar halogenated aromatics [e.g., 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)], synthetic polynuclear aromatic hydrocarbons and dioxin-like compounds. TCDD is the prototype of many chlorinated aromatic compounds that are abundant contaminants in the environment. With low-dose administration to rodents, TCDD acts as a carcinogen and causes tumors in multiple sites including the liver, lung, nasal turbinates, hard palate, thyroid, tongue, and skin, but not the intestines [28, 29] , indicating tissue-specific carcinogenic properties. Other common toxicants include halogenated dibenzo-p-dioxins, dibenzofurans, azo(xy)benzenes, and naphthalenes. Manufactured drugs include proton pump inhibitors, Sulindac and 4-hydroxytamoxifen. Candidates for endogenous ligands include indigoids and metabolites of arachidonic acid, heme and tryptophan. AhR antagonists include CH223191, GNF351, and
Colorectal cancer is often linked to a "so-called" Western diet, rich in carbohydrates, red meats and saturated fats, but low in vegetables and fresh fruits [30, 31] . Recent data have shown that certain dietary components from vegetables have protective effects against CRC [32] . Several natural dietary AhR ligands may play important roles in mediating this protective effect. The tryptophan metabolites indole derivatives, including indole-3-acetic acid (IAA) and indole-3-carbinol (I3C) are natural AhR ligands generated by conversion from dietary tryptophan. Another indole derivative, 3,3
1 -diindolylmethane (DIM) is converted from glucosinolates by commensal intestinal microbiota [33] . Glucosinolates are natural components of many pungent plants and cruciferous vegetables such as mustard, cabbage, cauliflower, broccoli and horseradish. An I3C derivative indole [3,2-b] carbazole (ICZ) has strong receptor binding affinity for AhR. It is reported that glucosinolates and tryptophan metabolites have chemo-preventive effects on CRC [34] [35] [36] , perhaps by enhancing apoptosis in cancer cells [34] or modulating gut immune homeostasis [37, 38] . Naturally-occurring flavonoids, ubiquitous in many fruits and vegetables, are another class of dietary AhR ligands that have chemo-preventive effects for CRC [39] . Statistically significant reductions in CRC risk were associated with the five classes of flavonoids-flavonols, quercetin, catechin, epicatechin and procyanisins. Risk reductions were greater in non-smokers. Many of these flavonoids activate AhR in vitro [40, 41] . Veeriah et al. reported that flavonoids extracted from apples inhibited growth (cell proliferation) of HT29 human CRC cells [42] .
Role of AhR in Colon Tumorigenesis

AhR Is a Tumor Suppressor in Mouse Models of CRC
The role of AhR in carcinogenesis remains controversial. Recent evidence supports both pro-and anti-carcinogenic properties of AhR signaling, perhaps in a tissue-selective manner. The Wnt/β-catenin signaling is a major signal transduction pathway involved in colon carcinogenesis. In quiescent cells β-catenin is sequestered in a multi-protein complex, including axin, adenomatous polyposis coli (APC) and glycogen synthase kinase-3β (GSK-3β), that targets β-catenin for phosphorylation, ubiquitination and proteosomal degradation [43, 44] . Wnt ligands activate a cascade that inhibits GSK-3β-induced β-catenin phosphorylation, frees β-catenin from the destruction complex, and allows its nuclear translocation and subsequent activation of target genes leading to increased cell proliferation and tumorigenesis [43] [44] [45] . Kawajiri et al. showed that AhR-deficient mice spontaneously develop cecal adenocarcinomas by the age of 30 to 40 weeks [46] . These investigators demonstrated dual roles for AhR in regulating intracellular protein levels, both as a ligand-activated transcription factor and as a ligand-dependent E3 ubiquitin ligase [18, 46] . AhR suppresses intestinal carcinogenesis by a ligand-dependent β-catenin degradation pathway that functions independently of and cooperatively with the canonical APC-dependent system. Natural AhR ligands converted from dietary tryptophan and glucoinolates in the intestines are as efficient as exogenous xenobiotic ligands in suppressing tumor formation in Apc min{`m ice [46] . In addition, AhR also functions as a tumor suppressor for liver carcinogenesis by inhibiting cell proliferation through G0-G1 cell cycle arrest [47] .
AhR Expression in Colon Tumors
AhR is ubiquitously expressed in mouse and human tissues, including the gastrointestinal tract [48, 49] . The AhR mRNA expression profile of 967 human cancer cell lines showed that moderate levels of AhR are expressed in colon cancer cells [50] . It is not clear how this level of AhR expression compares to that of normal intestinal epithelial cells. Interestingly, reduced AhR expression was observed in specimens of human cecal cancers and adjacent tissues [46] .
AhR Target Genes and Their Roles in CRC
AhR may regulate intestinal tumorigenesis through its target genes, including the Phase I drug metabolizing enzymes CYP1A1, CYP1A2, and CYP1B1. CYP1A1 and CYP1B1 are extrahepatic enzymes that catalyze conversion of polycyclic aromatic hydrocarbons including benzo[a]pyrene to active genotoxic metabolites, thereby contributing to carcinogenesis [51] . Androutsopoulos et al.
showed that CYP1A1 and CYP1B1 are overexpressed in 80% and 60% of human colon tumors, respectively, suggesting an important role for these enzymes in colon neoplasia [52] . In addition, it was shown that AhR activation in colon cancer cells induces expression of multiple target genes including matrix metalloproteinase (MMP)-9, calcium ion flux, pro-inflammatory IL-1β and the drug transporter BCRP/ABCG2 [53] [54] [55] .
AhR Cross-Talks with Multiple Signaling Pathways
AhR cross-talks with multiple growth factor-mediated signal transduction pathways including transforming growth factor-β, tumor necrosis factor-α, EGFR and Src pathways [56] [57] [58] [59] [60] . As shown in Figure 1 , we demonstrated that in human colon cancer cell lines, upon AhR activation by TCDD, Src-mediated cross-talk between AhR and EGFR results in ERK1/2 activation and enhanced cell proliferation [61] . Also, AhR interacts with the retinoblastoma protein (pRB) protein to inhibit G1 to S phase cell cycle transition via protein kinase C and p38 MAPK [62] .
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AhR cross-talks with multiple growth factor-mediated signal transduction pathways including transforming growth factor-β, tumor necrosis factor-α, EGFR and Src pathways [56] [57] [58] [59] [60] . As shown in Figure 1 , we demonstrated that in human colon cancer cell lines, upon AhR activation by TCDD, Src-mediated cross-talk between AhR and EGFR results in ERK1/2 activation and enhanced cell proliferation [61] . Also, AhR interacts with the retinoblastoma protein (pRB) protein to inhibit G1 to S phase cell cycle transition via protein kinase C and p38 MAPK [62] . 
Role of AhR in Chronic Intestinal Inflammation
AhR activation by dietary ligands is required for the maintenance of intestinal immune homeostasis including innate immune cells such as intraepithelial lymphocytes (IELs) and interleukin (IL)-22-producing lymphoid cells [63] . AhR-deficient mice lack IELs and are more susceptible to bacterial infections and experimental colitis. In patients with Crohn's disease, intestinal T cells and natural killer cells have reduced AhR expression levels [64] . Furumatsu et al. showed that dextran sodium sulfate (DSS)-induced colitis was more severe in AhR-knockout mice than in wild-type mice [65] . Administration of DSS increased AhR expression in the colonic epithelium [65] . Also, oral administration of the AhR agonist β-naphthoflavone attenuated DSS-evoked colitis [65] . In addition, AhR activation by 6-formylindolo (3,2-b) carbazole (Ficz) down-regulates IL-7 and reduces inflammation in DSS-induced colitis [66] .
Role of AhR in Inflammation-Associated Colon Neoplasia
The risk of CRC is increased with chronic intestinal inflammation as is observed with inflammatory bowel disease, including both Crohn's and ulcerative colitis [67] . Ikuta et al. showed that AhR-deficient mice develop cecal tumors with severe inflammation which is dependent on the apoptosis-associated speck-like protein containing a caspase recruitment protein (ASC) [68] . In AhR-deficient mice, blocking interleukin (IL)-1β signaling with a caspase-1 inhibitor attenuated cecal tumorigenesis in AhR-deficient mice [68] . Also, germ-free AhR (´/´) and AhR (´/´)/ASC (´/´) mice had reduced tumor formation compared with AhR (´/´) mice [68] . These observations suggest that AhR also acts as tumor suppressor in inflammation-associated intestinal neoplasia.
Role of AhR in Circadian Clock Circuitry and CRC
Growing evidence indicates that there is physiological cross-talk between AhR and the circadian system [69] . The AhR complex is involved in sensing and transforming environmental xenobiotics and naturally occurring AhR ligands. Epidemiological studies showed an increased incidences of CRC in shift workers, suggesting disruption of circadian timing may contribute to CRC carcinogenesis, possibly by interrupting intestinal homeostatic control of cell proliferation, differentiation and apoptosis [70] .
Conclusions
Emerging evidence suggests that AhR and its ligands play important roles in intestinal tumorigenesis, identifying AhR as a potential therapeutic target for CRC. Although most previously-known AhR ligands are toxic HAs and genotoxic PAHs, many newly-identified AhR agonists are non-toxic and have therapeutic potential [24] [25] [26] . However, there remain inconsistencies regarding the role of AhR in colon neoplasia. Studies in animal models of CRC suggest that in the basal state without xenobiotic ligands AhR acts as a tumor suppressor, particularly in cecal tumors. This tumor-suppressive action of AhR is radically different from the pro-oncogenic role that AhR plays as a receptor for pro-carcinogenic ligands such as TCDD. Over-expression of CYP1A1 and CYP1B1 in human colon tumors implies a pro-carcinogenic role for AhR target genes. In addition, studies using human colon cancer cell lines showed that AhR activation in vitro increases cell proliferation, migration, and invasion via transactivation of the EGFR/ERK signaling pathway. Interestingly, most in vivo studies demonstrated protective effects of AhR in CRC; in contrast, many in vitro studies showed pro-carcinogenic effects of AhR ligands. This disconnect suggests that colon cancer cell lines may not always be reliable for predicting the in vivo role of AhR in colon carcinogenesis. Further translational studies are needed to clarify the role of AhR in different stages of CRC progression, including initiation, growth and dissemination. Such information will be useful to guide potential AhR-based therapies for CRC.
